The objective of this work is to investigate the microstrain effect on grain growth and strain release processes in nanocrystalline (nc) samples. Two kinds of nc Cu samples were studied by using differential scanning calorimetry (DSC), X-ray diffraction (XRD) and transmission electron microscopy (TEM): an electro-deposited nc Cu sample with an average grain size of about 30 nm and one after cold-rolling in which the average grain size remain unchanged but the microstrain is substantially elevated. Measurement results indicated for the electro-deposited nc Cu, grain growth occurs at about 70°C, which was prior to the major strain release process (onset at 150°C). While for the as-rolled nc Cu, the grain growth onset temperature increases up to about 150°C and that of the strain release process drops to about 115°C. These results showed an evident correlation between the grain size stability and the microstrain in the nc materials.
Introduction
Thermal stability is one of the most critical factors that influence the development and application of both the conventional polycrystalline materials and the new class of advanced materials, e.g. nanocrystalline (nc) materials. It seems more important for the nc materials that are characterized structurally by ultrafine grain size and an extremely large number of grain boundaries, which may offer a significant driving force for the grain growth [1] [2] [3] . However, contrary to expectations, experimental results indicate that most nc materials, whether metals or compounds, synthesized by various methods, exhibit a remarkable resistance to grain growth [4] , manifested by a relatively high onset temperature of grain growth (sometimes as high as 0.6T m , where T m is the melting point).
Investigations in recent years have indicated that the thermal stability of nc materials is associated with grain growth kinetics, as well as with the microstructure of the ultrafine grains and their boundaries. Most thermal stability studies in nc metals had been done on the consolidated nc samples, in which there were usually with high degree of microstrain, contamination, flaws and/or porosity, due to the imperfect particulate bonding. The effect of porosity [5] , impurity [6] and texture [7] on the thermal stability of nc materials had been demonstrated. The effect of microstrain, however, has not been well understood until now. Apparently, in order to reveal the intrinsic thermal stability of nc materials, 'ideal' nc specimens are necessary, i.e. singlephase, with a high degree of purity and free of contamination, porosity, and microstrain. In this paper, we report our experimental studies of microstrain effect on the thermal stability of an electro-deposited and a cold-rolled nc Cu specimens.
Experimental procedures
The electro-deposited nc copper sample was synthesized by means of the electro-deposition technique with an electrolyte of CuSO 4. The nc Cu sheet (with a thickness of about 2 mm) was deposited on a substrate of Ti. The purity of the Cu cathode was about 99.99%. The current density in the present electrodeposition process was about 13 mA cm − 2 with a double pulsed power. The acidity of the electrolyte was about 0.9 mol l − 1 . The temperature was kept at 209 1°C. It needs a agitation per 20 min. The NaCl and gelatin were selected as the additions.
The purity of the sample was better than 99.995 wt.% and the total oxygen content in the electro-deposited nc Cu sample was about 2491 ppm. The density of the sample was measured by means of the Archimedes principle, being about 8.9190.03 g cm − 3 , which was equivalent to 99.49 0.3% of the theoretical density for pure Cu (8.96 g cm − 3 ). In order to elevate microstrain in the nc Cu sample, a cold-rolling (at room temperature) treatment by using a twin-roller apparatus was applied for the electro-deposited nc Cu. The strain rate during rolling was controlled to be around 1×10 − 3 -1× 10
. It is need about one hundred passes for the cold-rolled nc Cu to catch the tested deformation degree.
Quantitative XRD measurements of the nc Cu samples were carried out in a Rigaku D/MAX 2400 X-ray diffractometer with Cu Ka radiation. The temperature is 209 1°C. The average grain size and mean microstrain were determined in terms of the diffraction line broadening of seven single Bragg reflection peaks (111), (200), (220), (311), (222), (400) and (331) by using the Scherrer and Wilson methods [8] . The (111)/(222) and (200)/(400) peak pairs were used to estimate the microstrain in (111) and (100) planes (e 111 and e 100 ), respectively. A small angular step of 2q (0.02°) and a fixed counting time 10 s were taken to measure the intensity of Bragg reflections. Other parts, which are related to the background intensity, were measured using a step size of 0.1°and a counting time of 10 s. The annealed samples were heated at a rate of 5°C min − 1 to the annealing temperature and cooled immediately down to room temperature.
Differential scanning calorimetry (DSC, PerkinElmer, Pyris 1) was used to study the thermal stability of the nc Cu samples. The temperature and energy measurements of the DSC were calibrated by using pure In and Zn standard specimens. The accuracy of temperature is 0.1°C. Aluminium pans were used for both the samples and the reference.
TEM experiments were performed on a JEM 2010 high-resolution electron microscope at an operating voltage of 200 kV. The thin film samples for TEM observations were prepared by using elecro-chemical polishing at a low temperature (liquid N 2 ).
Results and discussion
The XRD spectra of the electro-deposited and the cold-rolled nc Cu samples was shown in Fig. 1(a) . According to the XRD line broadening analysis, we obtained that the average grain size was about 30 nm and the mean microstrain was about 0.03% of the electro-deposited nc Cu sample. Microstructure characterization by means of TEM observations indicated that the as-deposited nc Cu sample consisted of ultrafine crystallites (or crystalline domain) in size ranging from a few nanometers to about 80 nm with as shown in Fig. 1(b) . The average grain size is about 20 nm, which is close to the XRD result. High-resolution transmission electron microscopy (HRTEM) observations indicated that most of the nanometer-sized crystallites in the electro-deposited nc Cu sample were roughly equiaxed and separated by small-angle grain boundaries [9] . Fig. 2 shows the typical DSC curves of the two kinds of nc Cu samples. When the electro-deposited nc Cu sample was heated at a rate of 5°C min − 1 from room temperature to 250°C, a rather weak exothermal peak was detected at about 140°C (T on ), of which the inte- the nc Cu specimen remains the same as that of the electro-deposited nc Cu sample. The mean e and e 100 in the as-rolled nc Cu sample increased remarkably up to 0.15 and 0.19%, respectively, which was about one order magnitude higher than those in the electro-deposited nc Cu sample, but e 111 was diminished. The reason may be that dislocation sliding in the (111) plane is easier than that in other planes during the coldrolling process. In Fig. 4 , the mean e and e 100 of the rolled nc Cu sample dropped down to zero within a temperature range of 115-160°C. The grain growth process, according to the XRD measurements, takes place at a temperature range from 150 to 250°C. In comparing of the DSC and XRD results, it was obvious that the exothermic peak of DSC curves correspond to the major microstrain release process in (100) and the mean microstrain, as indicated in the XRD measurements (as shown in Fig. 3(b) and Fig. 4(b) ). The weak thermal effect of grain growth in the as-deposited nc Cu sample (too weak to be detected by the DSC) may imply a small change in the grain boundary area (as the initial grain size is relatively large) and/or low grain boundary energy. Actually, small-angle grain boundaries with extremely low grain boundary energy have been observed in the electro-deposited nc Cu sample.
Using isothermal kinetic analysis at three different annealing temperatures (100, 125, 150°C), the activation energy of the grain growth process in the electrodeposited nc Cu sample was about 869 16 kJ mol − 1 , which was close to the activation energy for grain boundary diffusion in polycrystalline Cu. According to the Kissinger analysis (using the characteristic temperatures T p and T on in DSC peaks), the activation energy of the strain release process in the as-rolled nc Cu sample is determined to be 749 8 kJ mol
It is interesting to note that in the electro-deposited nc Cu sample, the grain growth process occurred prior to the major strain release process obviously, and the temperatures range of grain growth was much wider comparing with that of the strain release process. But in the as-rolled nc Cu sample, the strain release process occurred prior to the grain growth process. This interesting phenomenon may relate to the special microstructure of the both nc Cu samples.
The obvious increment in the onset temperature of grain growth in as-rolled nc Cu with a higher microstrain could be understood in terms of the density of dislocations in the nc sample. A large microstrain results from a higher density of dislocations and/or other lattice defects (HRTEM observations had confirmed that the dislocation density in the as-rolled specimen was clearly increased, which lead to an obvious increase in the misorientation angle between the nanocrystallines [10] ). The observed enhancement in grain size stability with a higher microstrain implied that the large density grated enthalpy change was about 0.05 J g − 1
. But for the as-rolled nc Cu sample, the exothermal peak shifted to a lower temperature, the onset temperature dropped to about 120°C and the integrated enthalpy change greatly increased (about 0.96 J g
. Two possibilities exist for the origin of the exothermic peak, including (1) grain growth and/or (2) strain release (relaxation) in the electro-deposited and as-rolled nc Cu samples. We did not observe any oxidation in the nc Cu samples after DSC runs. Fig. 3 shows the quantitative XRD analysis results of the electro-deposited nc Cu sample annealed at different temperatures (heated at a heating rate of 5°C min − 1 and cooled down immediately). In Fig. 3(a) , one can see that there is no clear change in the average grain size when the annealing temperature was below 70°C. At temperatures in the range of 70 -200°C, an obvious increase in the average grain size was observed (from about 30-80 nm). With a further increase in the annealing temperature, the average grain size tends to a saturate value, approximating 80 nm. No further grain growth process occurred when the temperature was higher than 200°C. Fig. 3(b) shows the mean microstrain and the microstrain in (111) and (100) planes in the electro-deposited nc Cu sample as a function of the annealing temperature. It is interesting to note that in the electro-deposited sample, e 100 (0.13%) was much higher than e 111 (about 0.08%) and the mean microstrain (e from different crystallographic planes, : 0.03%). Almost no change was found in the microstrain when the sample was annealed up to 70°C. Above 70°C, an obvious drop was observed in e 111 , while slight changes were seen for e 100 and e. The e 100 and e dropped to essentially zero within a narrow temperature range (150 -170°C). Fig. 4 shows XRD measurements of the variations in the average grain size and microstrain with the annealing temperature for the as-rolled nc Cu samples. One can see that after cold rolling, the average grain size of of dislocations may interact with grain boundaries and interfere with the grain boundary movement. The origin of the strain release process may be the annihilation of various defects in the nc samples. A higher density of dislocations in the crystallites may provide a larger driving force for the strain release, and consequently depress the temperature at which the annihilation of the dislocations occurs.
In the literature, most of experiment results showed that the strain release process in nc samples always occurs prior to or simultaneously with the grain growth process, as seen in nc Cu and Ag samples [6] . This until now, the enhanced grain size stability due to a high dislocation density needs more detail investigation.
Conclusions
In the electro-deposited nc Cu sample, a grain growth process and a strain release in (111) plane onset at about 70°C, which is evidently lower than the major strain release in (100) plane and the mean microstrain (150°C). But for the as-rolled nc Cu with an increased microstrain and the same average grain size, the onset temperature of the grain growth process increases obviously (150°C) and that of the strain release process drops evidently (115°C). This means that the mean microstrain in the nc materials would have a direct effect on their thermal stability. phenomenon may be attributed to the high level of microstrain (as high as a few percents) in the nc samples, which were prepared by means of consolidation of ultrafine powder or ball milling methods [11] [12] [13] . Therefore, our observations in the as-rolled nc Cu with a high level of microstrain demonstrate clearly the microstrain dependent on the grain size stability and the relationship between the grain growth and strain release processes. Although the intrinsic mechanism for the dislocation/grain boundary interaction is not clear .
